The effect of knock-on atom induced damage on the peak tensile strength of cubic silicon carbide (3C-SiC) is examined using an ab-initio simulation framework based on Car-Parrinello molecular dynamics (CPMD) method. The framework examines the effect of impact damage caused by a knock-on atom with velocities corresponding to four different kinetic energy levels (50 eV, 500 eV, 1 keV, and 2 keV) in three different SiC structure samples with different grain boundary (GB) configurations. Analyses show that peak tensile strength of the examined structures decreases by up to 37% in samples with GBs due to the impact damage caused by knock-on atom when compared with the case of single crystalline SiC under similar conditions. Analyses reveal new insights regarding the influence of bond strength change under knock-on atom induced impact damage on peak tensile strength of the examined structures. It is found that the peak tensile strength of the examined structures is a function of change in temperature, impact energy, and GB configuration. In order to extend the observed correlation of the peak tensile strength with atomic configurations to other structure types, a fractal dimension based approach is adopted to predict structure peak tensile strength as a function of knock-on atom impact energy, temperature, and GB configuration. Analyses show that the tensile strength of the examined SiC structures increases as a function of their fractal dimension increase. Fractal dimensions also change as a function of change in impact energy level and the corresponding damage in an inversely proportional manner. Based on the observed correlations, an empirical relation to predict structure peak tensile strength as a function of simulation parameters is developed. The developed relation is found to predict strength data of structures not included in the fitting with good accuracy.
Introduction
Materials used in the nuclear power plant reactors are exposed to high levels of radiation energy, high temperature, and high thermo-mechanical stresses. Such challenging environments lead to deterioration of mechanical properties. With new material advances needed for future high temperature reactors, a current focus is on employing materials such as silicon carbide (SiC). SiC is a leading candidate as a structural material for nuclear power plants due to its excellent thermomechanical properties. It has high corrosion resistance, excellent thermal shock resistance, and high strength at elevated temperatures ($1000-1200 C). The present work examines the impact damage induced by a knock-on atom in a polytype of SiC (3C-SiC) as a function of temperature and impact energy level changes using an ab-initio simulation framework based on Car-Parrinello molecular dynamics (CPMD) method. In the present study, the knock-on atom indicates an atom in the target material being impacted by high energy particles. The high levels of energy released from nuclear fission reaction initiate the damage cascade. Atoms, known as knock-on atoms, therefore move with high energy. A sequential set of collision events occurs and this leads to the damage cascade. If, during such events, the maximum value of the atomic energy reaches a value higher than the threshold atomic displacement energy, atoms are permanently displaced from their lattice sites and defects are produced (Race et al., 2010) . In the present work, impact damage caused by knockon atom in examined structures is simulated by imposing atomic velocities corresponding to four different energy levels (50 eV, 500 eV, 1 keV, and 2 keV).
A vast body of research work is available with focus on examining knock-on atom induced damage in SiC (Devanathan et al., 1998b; Gao et al., 2009; Heinisch et al., 2002; Perlado, 1997; Weber et al., 2004 Weber et al., , 2003 . Devanathan et al. (1998a) calculated displacement threshold energies for carbon and silicon knock-on atoms using classical molecular dynamics (MD) simulations. Swaminathan et al. (2010) investigated the effect of grain size and grain boundaries (GBs) on defect production in 3C-SiC due to the knock-on atom induced impact energy using classical MD. Devanathan (2009) has provided a comprehensive review on defect accumulation and damage recovery literature. Ab-initio simulations have also been performed to study defects in 3C-SiC under radiation environment (Gao et al., 2001a (Gao et al., , 2001b Jiang and Weber, 2001; Lucas and Pizzagalli, 2005) . Gao et al. (2001a) calculated defect formation energies in 3C-SiC using density functional theory (DFT) and classical MD simulations. They also studied the most favorable configurations for C and Si interstitial defects. However, the analyses so far have not analyzed the effect of mechanical loading on the disordered structure samples produced as a result of knock-on atom induced damage in the presence of GBs. Since, such configurations need an interatomic potential that can accommodate a wide range of atomic structural changes as a function of temperature and structure variation, classical molecular simulations cannot be used. Recently, Han and Tomar (2014) have investigated the damage evolution in SiC GBs impacted by high velocity knock-on atoms using a fractal dimension based approach. They established a correlation between the nanostructural fractal dimension and the peak tensile strength of the examined SiC structures. In the present study, these analyses are extended to analyze the effect of temperature change on the peak tensile strength and the bond strength of atoms in such SiC structures. A new fractal dimension based relation is also proposed to describe loss of strength as a function of GB damage in SiC structures as a result of knock-on atom induced impact.
Though ab-initio simulations have length and time scale limitations, there are several advantages over classical MD simulations. In the present study, bond strength in SiC structures with different GB configurations is analyzed. It is necessary to consider explicit description of electrons and their interaction with other atoms for better understanding of bond strength changes in the structures that deviate significantly from regular crystalline structure (such as in this work). Current classical interatomic force fields for SiC have limited accuracy when it comes to represent explicit motion of electrons. Only ab-initio simulations based on quantum mechanical framework can allow explicit description of electrons. In addition, doubt persists whether classical MD can accurately model the orientation-dependent properties of SiC GBs and damage evolution in such GBs under knock-on atom impact induced damage. Authors also aim to perform mechanical deformation simulations on impacted structures Development of an interatomic potential to simulate damage in GBs as a function of temperature and impact energy levels is currently not feasible. The dynamics of energy transfer between ions and electrons during such impact induced damage determines the effect of electrons in annealing out or inhibiting the production of defects (Race et al., 2010) . Therefore, in the present study, ab-initio simulations are used to investigate the effect of impact damage induced by a knock-on atom on peak tensile strength of SiC structure in the presence of GBs. Due to the limitation of length and time scales that can be analyzed using ab-initio simulations, the impact energy values considered in this study are smaller than the irradiation energies in nuclear reactors (up to a few mega electron-volts).
Since Price et al. (1992) performed the first ab initio tensile test simulation of TiC, a number of ab initio tensile and shear testing simulations have been performed: SiC (Kohyama, 1999; Liu and Szlufarska, 2009; Ogata et al., 2004; Umeno et al., 2007) ; W 2013; Krenn et al., 2002 Krenn et al., , 2001 Ogata et al., 2004; Sˇandera et al., 1997; Sˇob et al., 1997) ; Ge (Roundy and Cohen, 2001) ; Al (Ogata et al., 2004 (Ogata et al., , 2002 , etc. Deyirmenjian et al. (1995) performed ab initio tensile tests on Al in order to analyze the effect of atomic-scale voids on the strength and mechanical behavior. Interested reader may find more details on ab initio calculations of tensile strength in metals and inter-metallics in the review provided by Sˇob et al. (2004) . The present work advances this field by analyzing the effect of temperature and impact damage induced by a knock-on atom on GB mechanical properties. The material volume accessible to quantum simulations is too small to form a dislocation core or propagate dislocations. Therefore, the primary focus of the proposed work is on understanding GB strength correlation with temperature and impact damage induced by knock-on atom.
In the present work a fractal dimension based approach is used to interpret the simulation results in the form of an analytical relationship. Fractal dimension based approach has been used earlier to analyze mechanics of materials' problems in a variety of scenario. The characterization of the irregular material surface has been conducted using fractal dimension after Mandelbrot et al. (1984) introduced the concept of fractal geometry. Many studies have shown that a correlation between fractal dimension and mechanical properties such as fracture toughness, tensile strength, etc. exists. Han and Tomar (2013) used fractal dimension based approach to analytically describe the effect of fusion damage in W structures with GBs. Amada and Yamada (1996) employed fractal dimension based approach to evaluate the surface topology of plasma-sprayed alumina, and demonstrated that the strength of ceramic coatings is strongly related to fractal dimension. Pande et al. (1987) proposed that the fractal analysis is a reliable method of evaluating roughness of the fractured material surface. Harimkar and Dahotre (2008) obtained fractal dimensions of the surfaces of alumina ceramic irradiated by laser as a function of laser processing fluence. They presented the correlation between the fractal dimension and the microstructural features such as porosity, grain size, and surface roughness. Mannelqvist and Ring Groth (2001) showed that tensile strength of a material is correlated with its fractal dimension. In the present work it is shown that the use of fractal dimension based approach can lead to a convenient interpretation of ab initio results in the form of an analytical relationship expressing properties of infinitesimal quantum volumes in terms of the simulation parameters.
Methodology
The present work examines the effect of impact damage induced by a knock-on atom corresponding to four different energy levels (50 eV, 500 eV, 1 keV, and 2 keV) in three different SiC structure samples with different GB configurations. Figure 1 shows the side and top views of the examined 3C-SiC structures. Cyan (dark in black and white image) and yellow (light in black and white image) circles represent carbon (C) and silicon (Si) Figure 1 . A schematic of the examined 3C-SiC structures. Three 3C-SiC structures having different grain boundary (GB) configurations are analyzed. Upper and lower panel represent side and top view of each examined 3C-SiC structure, respectively. (a) 3C-SiC structure without GB (case 1); (b) 3C-SiC structure with P 9{110}<001> tilt GB (case 2); and (c) 3C-SiC structure with P 3{110}<001> tilt GB (case 3).
Model system
atoms, respectively. GB geometries were modeled based on the coincident site lattice (CSL) theory. In order to create a GB using the CSL notation, two identical crystals, crystal I and crystal II, are prepared. Crystal II is rotated around the axis P by an angle !. For the superposition of the two crystals, the interface is defined by its normal Q and its location with respect to crystal I and a half of each crystal is deleted. One needs to define a rotation axis, rotation angle, and the interface plane to characterize the GB configuration (Masanori, 2002) . In the CSL notation, the GB configuration shown in Figure 1 (b) is P 9{110} <001> tilt GB and the one shown in Figure 1 (c) is P 3{110}<001> tilt GB. P 9{110} <001> tilt GB indicates that the GB is obtained through rotation of the grain about <001> axis by 38.94 . The interface of the GBs is along the {110} plane. The inverse density of CSL sites, P ¼ 9, is defined by the ratio of the unitcell volume of the CSL to that of the original lattice (Masanori, 2002) . Similarly, P 3 {110} <001> tilt GB was formed through rotation of grains about <001> axis by 70.53 . Because of the small stacking fault energy of 3C-SiC, P 3 and P 9 are the dominant population in the twin GB structures of fcc polycrystalline system (Daulton et al., 2003; Tan et al., 2008) . Such GB configurations were chosen in order to investigate an overall representative effect of GB configuration on the peak tensile strength of 3C-SiC. Ideally one would want many more GB structures to be analyzed. However, limitations imposed due to the computational time involved in the quantum simulations prevent such an endeavor. The pure SiC supercell shown in Figure 1 
Computation details
In the present study, ab initio MD computations were performed to calculate the peak tensile strength of SiC structure samples using Car-Parrinello method (Laasonen et al., 1993) within the DFT. The computational chemistry software, NWChem (Valiev et al., 2010) was utilized for CPMD simulations. Agassi (1984) proposed a phenomenological model for irradiation-induced laser annealing in silicon. In this model, electrons are relaxed among themselves or among each other quickly by inelastic Coulomb collisions. Results from the several calculations, e.g. Agassi (1984) ; Lietoila and Gibbons (1982) , indicate that the relaxation time for the electrons (t ee $ 10 À2 ps) are much shorter than the electron-nucleus relaxation time (t en $ 1 ps). Hence, the subsystems of electrons and nuclei can be treated in a different way. Based on this, several researchers performed irradiation simulations using CPMD such as laser heating of crystal silicon (Silvestrelli et al., 1996; 1997) and graphite (Silvestrelli and Parrinello, 1998) , and radiation-induced formation of hydrogen defects in Si (Estreicher et al., 1999) . They assumed that after irradiation, the electron subsystem remains in internal equilibrium at initial irradiation-induced temperature for the time less than t en . Different from the electron subsystem, the nuclei were allowed to evolve freely. In the same perspective, CPMD simulations were performed in the present work to simulate damage induced by Si knock-on atom at different levels of kinetic energy values in the present study.
Several ab-initio simulations have been performed using NWChem for the study of SiC (Eric et al., 2006; Posselt et al., 2006; Van Ginhoven et al., 2006) . Apra`et al. (2003) reported that the efficiency and accuracy of NWChem CPMD module make it a desirable ab-initio simulation in the study of solid-state systems. NWChem code supports unit-cell optimization and vibration analysis. It also allows the dynamic simulation on a ground state potential surface directly at run-time (Apra`et al., 2003) . An ultrasoft pseudopotential (Vanderbilt, 1990) and plane wave (Kresse and Furthmu¨ller, 1996) approach were used in all calculations. The plane wave cutoff energy of 36 Ry (980 eV) was used in all computations. This is the same value which Gao et al. (2001a) employed for their ab-initio simulations. They also investigated the use of a large plane wave cutoff energy of 86 Ry (2340 eV) in many cases. But they reported that basis-set errors associated with smaller basis were reasonable.
For the simulation parameters, the comprehensive convergence tests were carried out. PerdewBurke-Erzerhof (Perdew et al., 1996) version of generalized gradient approximation (GGA) for the exchange-correlation energy functional, fictitious mass of 500 a.u. for CPMD, and 32 Â 32 Â 32 kpoint mesh for sampling of Brillouin zone (Monkhorst and Pack, 1976) were set in the present calculations. Such parameters were determined from several convergence tests. The lattice constant of 3C-SiC in equilibrium was calculated as convergence tests, and the tests showed this choice is sufficient. For the convergence tests, GGA and local density approximation (LDA) (Perdew and Wang, 1992) were considered for the exchange-correlation energy functional; 16 Â 16 Â 16, 32 Â 32 Â 32, and 40 Â 40 Â 40 for k-point mesh for the integration over the Brillouin zone; fictitious mass of 400, 500, and 600 a.u. for CPMD. With the determined parameters, the calculated lattice parameter a 0 ¼ 4.28 Å , the C-C bond length 1.64 Å , and the Si-C bond length 1.84 Å were found to be in good agreement with results from other works of 4.36 Å , 1.52 Å , and 1.88 Å , respectively (Watanabe et al., 2009; Yean and Riter Jr, 1971) .
Three dimensional periodic boundary conditions (PBCs) were applied in all the simulations. In this way, all interatomic forces acting on atoms in outermost layer of the structure can be fully considered. While imposition of PBCs in the case of single crystals is directly justified, the imposition of PBCs in the case of grain-boundary (GB) structures needs justification. Earlier, Tanaka and Kohyama (2002) have studied several types of P 3 and P 9 SiC twin GBs using high-resolution transmission electron microscopy (HRTEM). The microscopy images show the thickness of GBs is often only a few atom layers and some of them are wavy. The SiC GBs, shown in Figure 1 (b) and (c), were modeled based on these experimental observations. Based on experimental observations, it is clear that as one moves away from GBs in a polycrystalline microstructure, the GB atoms face a uniform force from grain interior due to significantly smaller size of GBs in comparison to grains. Due to inherent size limitation of ab-initio simulations, a collective modeling of GB and grain interior is not possible. However, in order to approximate the average force experienced by GB atoms PBCs are imposed along thickness direction as well. In fact such an approach has been earlier undertaken by other researchers simulating GB strength using ab-initio simulations (e.g. Khalil et al., 2011; Kohyama et al., 1986; Oba et al., 2001; Thomson et al., 1997) . Since PBCs are applied in all directions, one may think all the image boxes have a knock-on atom in their unit-cell. It is worth noting that the material systems were carefully examined in order to ensure that the simulation cell contains the cascade caused by knock-on atom for all impact energies considered in this study. It was confirmed that no atom in the simulation cell leaves and reappears on opposite boundaries in a continuous overlapping circuit during the impact damage. This observation shows that the size of simulation cell is large enough to prevent the damage cascade in the next image from affecting the material behavior of the examined structure.
The model systems were first relaxed for 1.2 ps to 1.8 ps at constant pressure using Nose-Hoover thermostat scheme (Hoover, 1985; Nose, 1984) . Such time intervals were found to be long enough for the model systems to reach thermal equilibration by analyzing the energy and temperature profiles. After the systems reach thermal equilibrium, a knock-on atom was given an initial velocity in the [111] direction at the center of the model systems with the magnitude of the velocity corresponding to its kinetic energy of 50 eV, 500 eV, 1 keV, or 2 keV. Such direction was chosen to induce multiple subsequent collisions after a collision is induced by a knock-on atom. A time step for the simulations was set to 1 a.u (0.0242 fs, 41,355 time steps per pico-second of simulation). The total computation time for the simulations was set to 2.2 ps.
Once the systems reached an equilibration point under the impact damage induced by the knockon atom, a uniaxial tensile strain was applied to the 3C-SiC supercells at temperatures of T ¼ 300 K and T ¼ 900 K. The tensile strength calculations were conducted by stretching the supercells in the [100] crystallographic direction and contracting the samples in lateral dimensions by Poisson's ratio ( ¼ 0.21) (Zhao et al., 2011) . The structure was allowed to thermally equilibrate at the new strain value and the stress values were obtained at the final time step after the system reaches equilibrium. It took 1.5 ps to 2.2 ps to reach thermal equilibrium at new strain levels. An effective strain rate of 5.62 Â 10 9 s À1 was found to be imposed on the SiC structures in this manner. Hellman-Feynman scheme Martin, 1985, 1987) was used to calculate the stresses. The peak tensile strength values were determined as a stress corresponding to the first instability point on stress versus strain curve. Simulations were performed on a cluster with 140 2.5 GHz quad-core processors with 32 GB main memory. It took 35 days for the system to reach an equilibration from knock-on atom impact damage and then the computation time took 15.5 days to obtain data points for one stress-strain curve.
Calculation of fractal dimensions
The fractal dimensions of the examined SiC structures were calculated using the box-counting method. In order to obtain the box-counting dimension, the domain of interest is first broken up into a grid of boxes. Then, the number of the boxes, which are required to cover the considered domain, is counted with varying the size of the boxes. For computational purpose, square or rectangular is generally used for a grid and the image of fractal object is converted to the digital binary figure. A computer program developed by Moisy (2008) for the fractal analysis was employed. The digitized images of the examined SiC structure samples were imported into the program, and then the fractal dimension was calculated by using box-counting method. The number of boxes, N, required to cover the digitized images of the model systems, were counted with varying the box size, r, for the calculation of fractal dimension. The fractal dimension, D, can be obtained from the following expression (Carpinteri and Chiaia, 1995) :
Here, r is the size of the covering boxes; N(r) is the number of the boxes; E(r) is the area of the domain of interest (i.e. E(r) ¼ Nr 2 ). The number of box (i.e. N(r)) increases with decrease in the box size. Note that for a solid material, the limit r ! 0 cannot be taken because in practical applications only a finite resolution of the digitized image is available. For such reason, linear regression is carried out for the plot of log N(r) versus log r or log E(r) versus log r whose slopes are and ', respectively. Therefore, the fractal dimension is estimated as D ¼ Àx or D ¼ 2 À '. It is worth noting that from equation (1) the value of the fractal dimension is in the range between 0 and 2.
In the present work, the images of SiC structures obtained from simulations were digitized in black and white and then imported into the fractal analysis program to calculate the fractal dimension using box-counting method. A single pixel was used as the unit size of the box for the boxcounting method. Interested reader may find details on fractal dimension and box-counting method in Theiler (1990) .
Test runs were performed to calculate the fractal dimensions of geometries whose fractal dimensions are already known for the validation of the fractal analysis program. The Apollonian gasket and the Koch's snowflake were chosen as the reference images. The calculated fractal dimensions of Apollonian gasket and of Koch's snowflake are 1.381 and 1.2440, respectively. They are in good agreement with the reference values of 1.306 for Apollonian gasket (Boyd, 1973 ) and 1.2619 for Koch's snowflake (Carlin, 2000) .
Results and discussion
In the following, first the defect formation due to the knock-on atom impact is discussed. The structures shown in Figure 1 (a) to (c) are classified as case 1 SiC structure without GB, case 2 SiC structure with P 9{110}<001> tilt GB, and case 3 SiC structure with P 3 {110}<001> tilt GB. In a nuclear power plant reactor, a knock-on atom in a solid induces subsequent collisions of adjacent atoms and initiates the damage cascade. If the kinetic energy of an atom in a material becomes greater than the threshold displacement energy, the atom is displaced from its lattice site and the defect is produced. Figure 2 shows the evolution of defect formation in the examined SiC structures damaged by knock-on atom impact ranging from 50 eV to 2 keV. The number of atoms displaced more than 1 Å from their original lattice sites were counted and plotted as a function of time. Value of 1 Å was chosen based on the suggestions in previous research works (e.g. Watanabe et al., 2009 ). Watanabe and co-workers performed MD simulations and calculated the C-C and the C-Si bond length in perfect 3C-SiC crystal as 1.52 Å and 1.88 Å , respectively. Based on such results, we consider that a defect has been formed if an atom is displaced more than 1 Å from its original lattice site.
Since the range of irradiation energy values that can be tractable in ab-initio simulations, MD simulations (E < 50 keV), and experiments (up to a few mega electron-volts) is different, authors were unable to find the literatures data that allow us to directly compare the results from such different methods. However, two MD studies of displacement cascade in 3C-SiC that can be compared with the present work were found: P 5 twist SiC GB (Moriani and Cleri, 2006) and perfect SiC supercell (Devanathan et al., 2001 ). The material systems were carefully examined in order to ensure that the simulation cell contains the cascade caused by knock-on atom for all impact energy values considered in this study. It was confirmed that no atom in the simulation cell leaves and reappears on opposite boundaries in a continuous overlapping fashion during the impact damage. In addition, the number of atoms displaced more than 1 Å from their original lattice site are counted and plotted as a function of impact energy in Figure 2 . As shown in Figure 2 , the atoms start to be displaced and defects are produced as the collisions between the neighboring atoms proceed over a time scale of 0.5-1.0 ps after the initial knock-on atom impact. Figure 2 displays that the atomic collusions induced by knock-on atom last for $0.35 ps in case of 500 eV impact energy and $0.87 ps for 2 keV impact energy. Total of 2-4 atoms are displaced in case of 50 eV impact energy, while 12-15 atoms and 24-33 atoms, respectively, are displaced in case of 1 keV and 2 keV impact energy values. Such results are in accordance with the data reported in literature regarding the number of displaced atoms produced by [111] Si knock-on atom (Devanathan et al., 2001 ) and the defect production time (Devanathan et al., 1998a (Devanathan et al., , 2001 Gao and Weber, 2000) . The analyses suggest that the cascade is contained in the simulation cell for all impact energy considered.
After the SiC structure samples were equilibrated, tensile loading was applied in [100] crystallographic direction in order to calculate the peak tensile strength at temperatures of T ¼ 300 K and 900 K using Nose-Hoover thermostat scheme. Figure 3(a), (b) , and (c) shows the stress and strain relations of the SiC structures for case 1, case 2, and case 3 at temperatures of 300 K and 900 K as a function of impact energy, respectively. As shown, the peak tensile strength decreases with an increase in temperature. For all examined SiC structures, the peak tensile strength decreases with an increase in knock-on atom impact energy. Peak tensile strength also decreases in the presence of GBs. While tensile strength of the SiC structure without GB is in the range between 820.5 MPa (impact energy ¼ 50 eV, T ¼ 300 K) and 315 MPa (impact energy ¼ 2 keV, T ¼ 300 K) depending on the impact energy and simulation temperature, the tensile strength of the case 3 SiC sample decreases to the range between 602.4 MPa (the impact energy ¼ 50 eV, T ¼ 300 K) and 243.2 MPa (the impact energy ¼ 2 keV, T ¼ 300 K). The decrease of the tensile strength of the structures with GBs can be correlated to bond strength change. This issue will be addressed later in this work.
In the stress-strain curve shown in Figure 3 , there is no sharp stress drop after stress reaches the peak tensile strength and only strain-softening is observed. This sharp stress drop usually occurs in brittle material's fracture failure. In the present study, fracture does not occur during the tensile deformation process. Bond strength analyses (shown in Figure 7 , to be discussed later) show that bond strength of the samples notably drops when the tensile strain increases from e ¼ 0.03 to e ¼ 0.05. It is worth noting in Figure 3 that mechanical failure actually occurs near this tensile strain range. After reaching this instability point, bond strength in Figure 7 decreases with tensile strain for the examined samples. This explains why strain-softening occurs. Such strain-softening without sharp stress drop can also be found in failure for various materials such as W (Mikhailovskij (Ogata et al., 2002) ; Si (Umeno et al., 2007) ; Al (Lu et al., 2006; Ogata et al., 2002) ; and SiC (Tomar and Samvedi, 2009; Tomar et al., 2010) .
The findings of the analyses so far vary with changes in atomic configuration and knock-on atom induced impact energy. Devanathan et al. (2001) performed a comprehensive series of simulations on damage cascade with more than 25 different directions of knock-on atom in 3C-SiC structures. They reported that, even though the structures are irradiated under the same level of energy, the defect creation and accumulation due to impact induced by knock-on atom are highly anisotropic due to the influence of the crystallographic direction of knock-on atom. In order to extend the correlation of the peak tensile strength with atomic configuration of a disordered structure to possibly other structure types with a different GB type or the ones disordered in a different knock-on atom direction, a fractal dimension based approach was adopted in the present work. Fundamental to the approach is to explore a correlation between fractal dimension of structure and the factors affecting the structure strength. Figure 4 shows the digitized images of the SiC structures for case 1, case 2, and case 3. Big and small circles in the figures represent Si and C atoms, respectively. The images of the SiC structures were obtained from simulations at several time frames and digitized for fractal analysis. The structures analyzed in the present study are quasi-3-dimensional since the structural features do not significantly change as a function of depth in Cartesian z-direction. The fractal dimensions calculated in the present work are obtained for all structures sliced as a function of structural depth and averaged out for the whole structure, thereby, representing a three-dimensional value. The digitized images were imported into the fractal analysis program and the fractal dimensions were calculated to investigate the relation between the peak tensile strength and the structure geometry. We used the box-counting method to calculate the fractal dimensions of the examined SiC structure samples. Note that local fractal dimensions corresponding to each box size were computed by using equation (1). The final value of fractal dimension was obtained by averaging local fractal dimensions which correspond to the number of boxes, N > 10.
In order to correlate the atomic configuration of the examined structures with knock-on atom impact energy, the next step of analyses focuses on the fractal dimension change of the structures. Figure 5 shows the fractal dimensions of the disorganized SiC structure samples as a function of knock-on atom impact energy. As pointed earlier, once the SiC structure samples were equilibrated from damage induced by a knock-on atom, the structures were relaxed at the temperatures of T ¼ 300 K and T ¼ 900 K using Nose-Hoover thermostat scheme. In Figure 5 , the calculated values of fractal dimensions of the disorganized SiC structures were in the range between 1.45 Figure 4 . Digitized images of (a) case 1; (b) case 2; and (c) case 3 3C-SiC structures. Big and small circles represent Si and C atoms, respectively. The images were used for fractal analyses. and 1.69 depending upon the temperature and the knock-on atom impact energy. Analyses show that the fractal dimension does not significantly change by the temperature increase from 300 K to 900 K. In Figure 5 , the fractal dimension decreases in the presence of GB for all impact energy values considered. For the structures with the same type of GB geometry, the fractal dimension decreases with increase in the knock-on atom impact energy. It is interesting to note that such trends can also be observed in Figure 3 for the peak tensile strength. In Figure 3 , the peak tensile strength of the SiC structures decreases in the presence of GB and with the increase of knock-on atom energy. Noting that there exists a correlation between fractal dimension and factors affecting tensile strength such as knock-on atom impact energy and GB geometry, the peak tensile strength values shown in Figure 3 were plotted in Figure 6 as a function of knock-on atom impact energy and the fractal dimension of the examined structures. Figure 6 displays that the peak tensile strength decreases with the increase in knock-on atom energy. For the structures damaged by the same level of impact energy, the peak tensile strength increases with the increase in fractal dimension of the examined structures. It is also shown in Figure 6 that both peak tensile strength and the fractal dimension slightly decrease with the temperature increase from 300 K to 900 K. It is interesting to note in Figure 6 that the peak tensile strength is proportionally correlated with the knock-on atom impact energy, the fractal dimension, and temperature. Among such factors, the impact energy plays the most important role, and the fractal dimension comes in second while temperature plays the least role in determining and/or affecting the peak tensile strength.
In order to investigate the bond strength as well as the correlation between peak tensile strength and fractal dimension further, the electron density of states (EDOS) of the examined SiC structures were analyzed. The EDOS illustrates the number of states at each energy level that can be occupied by electrons. A high EDOS thus indicates that there are many states available at the certain energy level for the electron occupation. Since the bond strength in the structure is mainly influenced by the interatomic forces determined by energy distribution of electrons, the bond strengths of atoms in the examined SiC structures can be estimated by finding the area under EDOS curve. The estimated values of the bond strength were obtained using such method and they are plotted in Figure 7 as a function of fractal dimension. Figure 7 shows that the bond strength decreases as tensile loading is applied to the structures. It is also shown in the figure that the bond strength decreases by increase in the impact energy from E ¼ 50 eV to 2 keV. It is worth noting in Figure 2 that the defect formation increases with increases in knock-on atom impact energy. The higher impact energy imposed on the structures leads to the more atoms being displaced from their lattice sites by a sequence of atomic collisions and thus bond strength in the structures reduces. Note that in Figure 3 all of the examined SiC structures have the peak tensile strength at tensile strain value of e & 0.03. One can also note the same trend in the bond strength of SiC structures in Figure 7 . It can be observed in Figure 7 that the bond strength notably drops when the tensile strain increases from e ¼ 0.03 to e ¼ 0.05. Noting the stress-strain curves in Figure 3 , mechanical failure actually occurs near this tensile strain range. From the tensile loading simulation results, the SiC structure with P 3{110}<001> tilt GB (case 2) and P 9{110}<001> tilt GB (case 3) have the lower tensile strength than the SiC structure without GB (case 1). This trend can also be observed in Figure 7 . The bond strength in the case 1 SiC structures is higher than the one in the case 2 and case 3 structures. The GB misorientation leads to the decrease of bond strength and this explains why the peak tensile strength of the SiC structures decreases in the presence of GB in Figure 3 . It is also interesting that there exists a positive correlation between fractal dimension and bond strength in Figure 7 . The figure shows that the bond strength of SiC structure increases with increase in the fractal dimension. This could explain why SiC structures with high fractal dimensions in Figure 6 have higher peak tensile strength than other structures. Overall, Figures 3 to 7 observations indicate that a direct correlation among fractal dimension, bond strength, mechanical strength, and knock-on atom impact energy is possible. This argument raises a possibility that an analytical relation can be developed that should be able to predict tensile strength of GBs as a function of temperature, fractal dimension, and impact energy. This is attempted next.
Many researchers have found the correlation of the material's mechanical strength with its fractal dimension. Findings regarding the increase in strength as a function of fractal dimension have been observed in the previous studies. Ngan (2011) discussed how a fractal dimension of dislocations can give rise to a power-law dependence of strength in micro-specimens. It is reported that the strength of aluminum micro-pillars varies with the specimen size as $D Àm (where m ¼ 3/(q þ n); D is specimen size; q is the fractal dimension of initial dislocation network; and n is the stress exponent of the dislocation velocity). The author also showed that, at the same specimen size, strength increases with the fractal dimension of the initial dislocation network of the specimen. The conclusion of this work is not dissimilar to the present findings. Klein et al. (2009) also showed that the yielding strength of metallic glasses increases with their fractal dimension increase.
In this work it is found from the simulation results that peak tensile strength of the examined SiC structures is correlated with temperature, knock-on atom impact energy, and their fractal dimension. Among these factors, the level of impact energy plays the most crucial role in determining the peak tensile strength of the disorganized structure. As shown in Figure 6 , the peak tensile strength of the SiC structures largely increases with increase in the fractal dimension for the same level of knock-on atom induced impact while the tensile strength decreases as temperature increases from 300 K to 900 K. It is noted that the tensile strength of SiC structures more sensitively changes in response to the change of their fractal dimension than the temperature change.
Based on the simulation results, development of an empirical relation predicting the tensile strength of a SiC structure as a function of knock-on atom impact energy, temperature, and its fractal dimension is attempted. In order to derive the relation, a reasonable functional form is proposed and the related material parameters are determined. The simulation results for the case 1 and case 2 SiC structures were used to obtain the material parameters. To validate the relation, the prediction from the proposed relation will be compared with the simulation results for the case 3 structure.
To derive the relation, it is assumed that the peak tensile strength of the SiC structure can be expressed as a product of functions of temperature, radiation energy, and its fractal dimension as,
Here, is a proportionality multiplier and D is fractal dimension, T Ã is the simulation temperature normalized with melting point temperature of SiC, T m , which is assumed to be 3003 K; and E* is the radiation energy normalized with 1 keV. Functions F(D),GðT Ã Þ, and HðE Ã Þ account for the effect of fractal dimension, temperature, and impact energy on the peak tensile strength, respectively. The empirical fitting here attempts to find F(D),HðE Ã Þ,GðT Ã Þ, and based on physical observations obtained in earlier simulation results. The nonlinear least square method was used for the curvefitting of the tensile strength simulation results. For the simplicity of the calculation, is assumed to be one.
Choosing TS,1 to be the value of the tensile strength corresponding to T Ã 1 equation (2) changes to:
Here, D 1 is the fractal dimension at new temperature T Ã 1 . As shown in Figure 6 , the fractal dimension of the structures changes by only less than 3% as temperature increases from 300 K to 900 K. This is true for all examined structures. Therefore, while comparing temperature dependent strength based on equation (3) at the same exposure level of impact energy, the change in function F(D) can be neglected. Therefore, dividing equation (2) with equation (3), one obtains,
Frenkel pairs produced by the knock-on atom impact can be recombined and some of point defects are recovered at high temperature when the energy of the material system exceeds its activation energy for the recombination of Frenkel pairs. Such thermal recovery process is affected by the temperature of the material system. Hence, the fractal dimension of the material system might change much with temperature. However, the recombination of Frenkel pairs does not occur during the lifetime (2 ps) of the damage evolution in the present ab-initio simulations due to the time scale limitation. Gao and Weber (2003) performed irradiation damage simulations using classical MD in the case of 3C-SiC. They annealed the stable C and Si Frenkel pairs created from irradiation damage at different temperatures ranging from 300 K to 2000 K to determine the time required for interstitials to recombine with vacancies. It was reported that the recombination time of C and Si Frenkel pairs decreases with temperature (from 10 ps to 100 ns), depending upon temperature. Such time scale is not feasible in ab-initio simulations and many orders of magnitudes longer than the current simulation time. In the present study ab-initio simulations based on quantum mechanical framework were employed to consider explicit description of electrons and their interaction with other atoms for more accurate analysis of bond strength. In this context, the recombination of Frenkel pairs, and the fractal dimension change of the examined structure due to the thermal recovery were not considered. Extension of the presented work to long time simulations using classical MD remains an open area for future investigation. Let us define the right hand side of equation (4) as LðT Ã Þ and choose T Ã 1 ¼ 300 K/T m . Then, one obtains the following relation,
Note that the ratio of the tensile strength (i.e. the left hand side of equation (4)) is the calculate value from the simulations. Function LðT Ã Þ was determined in the form of a quadratic polynomial using the curve-fitting scheme. In order to obtain L(T*), additional ab initio tensile test simulations were performed with the case 1 SiC structures being exposed under knock-on atom impact energy of E ¼ 50 eV and at temperature from T ¼ 300 K to T ¼ 900 K. Such decision was made to neglect the effects of the fractal dimension term, F(D) and the impact energy term, HðE Ã Þ on the tensile strength in determining G(T*). Overall, it was found that there is an inverse proportional relationship between the tensile strength of SiC samples and temperature. The calculated values and curve-fitting results of peak tensile strength are compared in Figure 8 (a) as a function of temperature ratio. LðT Ã Þ was determined using the following equation:
where a ¼ 0.7936, b ¼ À0.7814, and c ¼ 1.0581. Using equation (6), the tensile strength in equation (2) can be re-expressed as:
Dividing both sides of equation (7) by LðT Ã Þ and noting that is assumed to be one, the following equation is obtained,
Choosing TS,1 to be the value of the tensile strength corresponding to fractal dimension value D 1 from data for given value of the radiation energy E*, equation (8) Figure 8 . A comparison of the calculated values and curve-fitting results of peak tensile strength as a function of (a) temperature ratio, (b) fractal dimension, and (c) impact energy ratio. Temperature ratio, T* is the ratio of the SiC simulation temperature to its melting temperature (3003 K). Impact ratio, E* is the normalized impact energy divided by 1000 eV. Strength ratio was obtained by normalizing SiC peak tensile strength at the simulation temperature with the value at T ¼ 300 K. Curve-fittings were performed based on the simulation results for the case 1 and case 2 SiC structures.
Dividing equation (8) by equation (9) and defining a function FðDÞ=FðD 1 Þ ¼ MðDÞ,
Note that the left hand side of equation (10) are calculated values from simulations and curvefittings (i.e. L(T*) in equation (6)). Because the tensile strength values of examined SiC structure show higher sensitivity in response to the change of their fractal dimension in comparison to the sensitivity shown in response to the temperature change, the function M(D) was set to as exponential function for curve-fitting. The left hand side of equation (10) and the fitted curve, M(D) are plotted and compared in Figure 8(b) . For the purpose of curve-fitting, the value of tensile strength at the each impact energy was determined as the average of the values obtained from the each simulation performed with case 1 and case 2 SiC structures. The function M(D) was determined as,
where a ¼ À3.0423, b ¼ 10.6060, and c ¼ À9.2847. Equation (2) can thus be rewritten as,
where M(D) and L(T*) are defined previously in equations (6) and (11). Similarly, dividing equation (12) by L(T*)M(D) and assuming to be one, the following relation is obtained,
In the above relation function H(E*) was set to the quadratic exponential function. The left hand side of equation (13), which is obtained from the simulation, are plotted and compared with the fitted curve, H(E*) in Figure 8 (c). The curve-fitting result of H(E*) can be quantitatively described as,
where a ¼ À0.1350, b ¼ À0.7486, and c ¼ 0.0475. Based on the obtained relations in equations (6), (11), and (14), was obtained as the average of the values determined from each test such that it makes the proposed relation in equation (12) fit the best with the simulation results. was calculated as 860.85 MPa. The prediction from the proposed relation and the calculated values of peak tensile strength of the case 3 SiC structure samples are compared and plotted in Figure 9 . The predictions from the proposed relation are in overall good agreement with the simulation results. The difference between the predictions and the calculation results is up to 76 MPa at T ¼ 300 K and E ¼ 50 eV. While authors certainly cannot analyze a vast number of structures that can be analyzed using abinitio simulations, all the structures used in the present work have fractal dimensions distinctively different from each other. The relationship developed in the present work not only involves fractal dimension and strength but also temperature dependent softening. The proportionality in the relationship comes from fundamental bond strength analyses indicating relationship between bond strength, strain, and fractal dimension which is different for each structure. Of all the aspects of analyses performed here, non-uniqueness did not come in any data point. Therefore, analyses in the present work do point out that if two structures have the same fractal dimension at a given temperature then their strength has to be the same. However, since relationship developed is based on physical observations, only the structures that have exactly the same features will have the same fractal dimension. Literature has indeed shown evidence for this possibility in other materials (Klein et al., 2009 ). Ngan (2011) explained the size effect of strength in micro-crystals in terms of the fractal geometry of initial dislocation network. The author also showed that, at the same specimen size, strength increases with the fractal dimension of the initial dislocation network of the specimen. Klein et al. (2009) demonstrated the correlation of the fractal dimension with the strength of metallic glasses. They proposed that the tensile strength of metallic glasses can be estimated by Y ¼ Kq D ðT g À T 0 Þ (where K is a constant to be determined empirically; q ¼ the first diffraction peak in the neutron and x-ray measurement; D ¼ fractal dimension; T g ¼ glass transition temperature; and T 0 ¼ ambient temperature).
Conclusions
In the present study, ab initio CPMD tensile strength measurement simulations were performed on a set of SiC structures in order to investigate the effect of knock-on atom induced impact damage on peak tensile strength. Three SiC structure samples were analyzed. Two most commonly found tilt GB configurations ( P ¼ 3 and P ¼ 9) were chosen in the present study and the third structure is chosen as single crystalline SiC structure in order to investigate the effect of GBs on the structure strength. Four different levels of impact energy (50 eV, 500 eV, 1 keV, and 2 keV) were imposed on the knock-on atom in order to simulate impact damage induced by knock-on atom. Analyses show that the peak tensile strength significantly deteriorates due to the impact damage. The deterioration is significantly higher in the case of samples with GBs in comparison the single crystalline structure. The GB misorientation leads to the decrease of bond strength of atoms affecting the tensile strength decrease. It is found that the peak tensile strength of examined SiC structures is strongly correlated with temperature, knock-on atom impact energy, and GB configuration. A fractal dimension calculation based approach was employed to take into account the effect of atomic configuration on the tensile strength of the SiC structure samples. In general, an increase of fractal dimension and a decrease of temperature and impact energy result in a stronger 3C-SiC structure and vice versa. An empirical relation was proposed to predict the tensile strength of disordered SiC structure as a function of knock-on atom impact energy, temperature, and fractal dimension. The predictions from the developed empirical relation are in overall good agreement with the calculated tensile strength of SiC structure samples.
Since interatomic force varies depending on the kind of atom, the application of the proposed relation is limited to the SiC structure in the size range analyzed. However, such relations can be used to incorporate GB strength in polycrystalline microstructure simulations based on GB type. This relation is particularly useful to study the failure where dislocations are not involved in the material failure and thus atomic configurations and its associated bond strength play crucial role in determining the tensile strength as in the present work. The relation proposed in the present work is in line with such earlier findings in different material physics domains. The relation can provide a guideline in determining favorable structural features in high strength SiC structures for nuclear material applications as well as in applications where radiation damage may not be important.
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